Nisin is a bacteriocin that is widely used as a safe, natural preservative in food products. Nisin-controlled gene expression (NICE) systems and food-grade expression systems with nisin resistance as the selection marker are increasingly attracting attention owing to their food-grade statuses. However, the putative influence of nisin resistance on NICE systems deserves consideration when nisin is used as both the inducer and selection agent in lactococcal strains. In this paper, we described the cloning of the nisin resistance gene (nsr) and studied the effect of the encoded nisin resistance protein (NSR) on the efficiency of the NICE system in Lactococcus lactis, with the green fluorescence protein as the reporter protein. Results showed that NSR expression significantly weakened the inducing activity of nisin. Further studies have confirmed that this reduction in the inducing activity of nisin was a consequence of the proteolytic activity of NSR against nisin; the digested products showed drastically decreased inducing activities than native nisin. Conclusively, the expression of NSR imposes an adverse effect on the NICE system in L. lactis.
Introduction
Nisin is a bacteriocin produced by some strains of Lactococcus lactis or Streptococcus uberis (Lubelski et al. 2008 ). Up to now, a total of 6 natural nisin variants have been identified, of which 34-residued nisin A and nisin Z are the 2 well-studied variants. Although these 2 peptides differ in the amino acid residue at position 27, they display similar antibacterial activity (Lubelski et al. 2008) . The nisincontrolled gene expression (NICE) system (de Ruyter et al. 1996) , which is based on the autoregulation mechanism of nisin, is one of the most successful and widely used tools in the biotechnological application of lactic acid bacteria (LAB) (Mierau and Kleerebezem 2005) . The NICE system has been used for the overexpression of many kinds of proteins (Le Loir et al. 2005; Mierau and Kleerebezem 2005; Morello et al. 2008 ) and large-scale production of functional proteins (Mierau et al. 2005a (Mierau et al. , 2005b . However, to use this efficient expression system as a biotechnological tool in the food industry or as a live delivery of vaccines and therapeutics in disease control, there is another attractive feature to be considered, i.e. the food-grade (Platteeuw et al. 1996) . In foodgrade NICE system, no antibiotic resistance gene is used but food-grade selection marker. Currently, since nisin is the only bacteriocin permitted by more than 50 countries for use in the food industry as a safe and natural preservative (Delves-Broughton et al. 1996) , considerable interest has been generated in its use for the selection of recombinant LAB. As a result, the cloning of nisin resistance genes and their use as food-grade selection markers have become potentially attractive options. McKay and Baldwin (1984) reported that the nisin resistance trait of a non-nisin-producing L. lactis (previously classified as Streptococcus lactis) subsp. diacetylactis DRC3 was associated with a 40-MDa plasmid pNP40. They proposed that this trait could be used as a selective marker for the construction of cloning vehicles applicable to the food fermentation industry. Several years later, Klaenhammer and Sanozky (Klaenhammer and Sanozky 1985) and Liu et al. (1996) also identified plasmids (pTR1040 and pND300) that coded for nisin resistance in different L. lactis strains. Subsequently, a specific nisin resistance gene (nsr) was cloned and sequenced, which revealed an open reading frame (ORF) containing 318 codons (Froseth and McKay 1991; Liu et al. 1996) . The deduced amino acid sequence encodes a nisin resistance protein (NSR) with a molecular mass of 35,035 Da. Recently, a plasmid designated pTS50 containing nsr was also identified in our laboratory from a non-nisin producing strain L. lactis 1640 (Tang et al. 2001) . Liu et al. (2005) reported the use of nsr as a selection marker in the construction of food-grade plasmids. However, our results showed that NSRmediated nisin resistance occurred via proteolytic degradation of nisin, thus reducing the antibacterial activity of bacteriocin by 100-fold (Sun et al. 2009 ). This raises uncertainty on the applicability of NSR in the NICE system.
In this study, we describe the cloning and expression of nsr in L. lactis and investigate the effect of NSR on the NICE system, using the green fluorescent protein (GFP) as the reporter protein. 
Materials and methods

Bacterial strains, plasmids, and growth conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli strains were grown in Luria-Bertani medium at 37 1C with shaking. L. lactis cells were grown in M17 medium (Oxoid, Unipath Ltd., Basingstoke, UK) supplemented with 0.5% (wt/vol) glucose (GM17 medium) at 30 1C without agitation. Agar plates were prepared by adding 1.2% agar to the broth media. The antibiotics used were ampicillin (100 mg/ml) or erythromycin (100 mg/ml) for E. coli and erythromycin (5 mg/ml) for L. lactis. Pure nisin Z, gifted by Silver-Elephant Bio-engineering Co., Ltd. (Zhejiang, China), was dissolved in 0.02 M HCl without further sterilization and used at 5 mg/ ml for direct selection of L. lactis transformants.
Molecular cloning techniques
E. coli plasmid DNA was isolated by the alkali lysis method (Sambrook et al. 1989 ). Plasmid DNA from L. lactis was isolated according to the method developed by O'Sullivan and Klaenhammer (1993) .
Polymerase chain reaction (PCR) was performed with AccuPrime pfx DNA polymerase (Invitrogen), using the T-gradient thermal cycler (Biometra). The primers used for the amplification of the target DNA fragments are listed in Table 2 . Restriction endonucleases and T4 DNA ligase were purchased from NEB (New England Biolabs, Beverly, Mass., USA) and used according to the manufacturer's instructions. General cloning experiments were performed according to the techniques developed by Sambrook et al. (1989) . Competent E. coli cells were prepared and transformed by standard procedures (Sambrook et al. 1989) . L. lactis cells were transformed by electrotransformation using a gene pulser (Bio-Rad Laboratories) as described previously (Holo and Nes 1989) .
Cloning and sequence analysis of nsr
Previously, nsr had been localized on a 1.9-kb EcoR I fragment by Southern hybridization (Tang et al. 2001) ; this fragment was subcloned into the EcoR I site of a cloning vector pUC18 (yielding pXB701) for sequence analysis. The resulting sequence was analyzed by BLAST with the online analysis service (http://www.ncbi.nlm.nih.gov/ BLAST/). 
The restriction enzyme sites are underlined. 
Plasmid construction
The constitutive promoter P59 was obtained from the plasmid pVE5523 (de Vos 1999) by PCR with the primer pair P59-F/P59-R. At the same time, nsr was amplified with the primer pair nsr-F2/nsr-R. Then, P59 and nsr were sequentially cloned on pUC18, which yielded the plasmid pXB702. The P59-nsr digested from pXB702 by EcoR I was subcloned into the plasmid pMG36e to obtain pXB802 ( Figure 1A) .
The nisin-inducible promoter P nisZ was amplified from the plasmid pHJ201 ) using the primer pair Pnis-F/Pnis-R. The PCR product was digested with EcoR I and Sac I and ligated with pUC18 restricted by the same enzymes, after which the EcoR I fragment containing P59-nsr from pXB702 was inserted at the EcoR I site of the resulting plasmids, thus yielding the plasmid pXB722. Subsequently, gfp was amplified from the plasmid pSG1164 (Lewis and Marston 1999) using the primers gfp-F and gfp-R; the amplified product was then digested with EcoR I, end-blunted with Klenow, digested with Hind III, and inserted into pXB722, which was then digested with Sac I, endblunted with T4 DNA polymerase, and again digested with Hind III to obtain the plasmid pXB723. Then, the DNA fragment containing gfp was digested from pXB723 with Pvu I and Kpn I and ligated with the DNA fragment containing a pWV01 replicon from the same enzymes digested plasmid pMG36e, resulting in formation of the plasmid pXB823 ( Figure 1B) .
To study the effect of NSR on nisin-induced expression of GFP in L. lactis, we constructed another expression vector pXB602 ( Figure 1C) , which was identical to pXB823 except for the selective marker, which was erythromycin resistance instead of nisin resistance.
Western blotting analyses
To detect NSR expression, western blotting hybridization was performed according to the method devised by Sambrook et al. (1989) using mouse antiserum specific to NSR prepared by our laboratory as the primary antibody (Sun et al. 2009 ).
Determination of nisin sensitivity
The nisin sensitivity of various L. lactis strains was determined by their growth on GM17 plates containing 15 mg/ml nisin Z. Overnight cultures of the lactococcal strains were streaked on GM17 plates containing different concentrations of nisin Z. Then, the plates were incubated overnight at 30 1C.
Induced expression of GFP by native or digested nisin
NSR-digested products (nisin 1-28 and nisin [29] [30] [31] [32] [33] [34] ) of nisin Z were prepared and purified by a previously described method (Sun et al. 2009 ). For induction of GFP, lactococcal cells grown overnight were diluted 1:100 and added to fresh medium and incubated at 30 1C until the absorbance of the medium at 600 nm (A 600 ) reached 0.5. Next, nisin Z or its digested products were added, and the medium was incubated at 30 1C for 6 h. Finally, GFP expression was detected by fluorescence microscopy. To quantify the fluorescence of GFP, the recombinant strains were prepared for analysis on a flow cytometer (BD FACSCalibur, USA). After induction, cells were pelleted and washed once with PBS buffer (NaCl 8 g/L, KCl 0.2 g/L, Na 2 H-PO 4 Á 12H 2 O 3.58 g/L, KH 2 PO 4 0.2 g/L). The pellets were then resuspended in PBS prior to analysis. For each sample, data were collected for 10,000 gated events. The fluorescence obtained from bacterial cell suspensions was represented by fluorescence histograms and mean intensities (MI) were calculated.
Nucleotide sequence accession number
The sequence of the cloned nsr gene was deposited in GenBank (accession no. AY219902).
Results
Cloning and sequence analyses of nsr
The 1.9-kb EcoR I-digested DNA fragment obtained from plasmid pTS50 was cloned into pUC18 and sequenced. Sequence analyses revealed 2 complete ORFs. The first ORF included a 954-bp nucleotide encoding a 318-aa protein. The deduced protein showed 99% and 98% homology with the reported NSR (Klaenhammer and Sanozky 1985; Froseth and McKay 1991) and was designated as NSR and the corresponding gene, as nsr. There was a putative ribosome binding site (RBS) and a À10 promoter box located at À16 and À34 bp upstream of the start codon, respectively. However, no À35 region was found. In contrast to the ORF that we cloned, which was markedly similar to that of the reported gene, the upstream encoding sequence was completely different from that of the reported nsr. A potential r factor-dependent transcriptional terminator was found after the stop codon.
NSR expression confers significant nisin resistance on recombinant lactococci
The recombinant plasmid pXB802 harbors nsr, which is driven by the strong constitutive promoter P59. The nisin-sensitive strain L. lactis MG1363 was transformed with this plasmid, and the numbers of the selected transformants of the GM17 plates containing 5 mg/ml erythromycin and 5 mg/ml nisin were compared. Western blotting analyses revealed a specific intensive band of approximately 35 kDa in the recombinant strain (Figure 2A, lane  3) . The expression level was higher than that of L. lactis MG1363/pTS50 (Figure 2A, lane 1) . Meanwhile, in L. lactis MG1363 (Figure 2A , lane 2), no hybridization signal was detected.
To demonstrate the relationship between NSR expression and nisin resistance in the host strain, we streaked the abovementioned strains on a GM17 plate containing 15 mg/ml nisin. As shown in Figure  2B , L. lactis MG1363 was completely inhibited by nisin. However, the NSR-expressing strains L. lactis MG1363/pXB802 and L. lactis MG1363/pXB802/ pTS50 grew well on the nisin-containing GM17 plate. Therefore, NSR expression was found to confer a high level of nisin resistance on the host strains.
Induced expression of GFP in L. lactis by nisin
In the plasmid pXB602, the nisin-inducible promoter P nisZ was used for GFP expression. The plasmids pXB602 and pXB823 were identical, except that the selection marker in the former was erythromycin resistance, while that in the latter was nisin resistance. The 2 plasmids were transformed into L. lactis NZ9000. In L. lactis NZ9000 cells transformed with pXB602, GFP was significantly induced by 5 ng/ml nisin. As calculated by FACScan, the MI was 74.1 (MI of non-induced pXB602 was 3.21) (Table 3) . However, for L. lactis NZ9000 cells transformed with pXB823, even when the nisin concentration reached 2 mg/ml, the fluorescence of GFP was still very faint as observed by fluorescence microscopy (data not shown), and MI was only 6.9 (the MI of noninduced pXB823 was 3.1) (Table 3) . Thus, the presence of NSR was found to weaken the inducing potency of nisin. 
Comparison of inducing potency of native and NSR-degraded nisin
According to our recent results, membranelocalized NSR was found to catalyze nisin proteolysis into nisin 1-28 and nisin [29] [30] [31] [32] [33] [34] , thus conferring nisin resistance upon the host strain (Sun et al. 2009 ). To investigate whether the nisin-degrading activity of NSR accounts for its adverse effects on the inducing activity of nisin, we determined the inducing potency of nisin and its NSR-degraded products, namely nisin 1-28 and nisin [29] [30] [31] [32] [33] [34] . The expression of GFP was detected by fluorescence microcopy (Figure 3 ) and the quantification of GFP fluorescence was measured by FACScan analysis (Table 3 ). The results showed that 5 ng/ml nisin could efficiently induce GFP expression (MI=74.1), which increased with an increasing concentration of the inducing peptide (MI reached 95.2 and 100.34 induced by 10 and 20 ng/ml nisin, respectively) ( Figure 3A-C) . However, only when the inducing concentration of nisin 1-28 reached 2 mg/ml could GFP expression be comparable to that induced by 5 ng/ml nisin (MI=73.64, Figure  3D ). The GFP fluorescence increased significantly when 5 and 10 mg/ml of nisin were used, and the MI reached 127.2 and 130.84, respectively ( Figure  3E and F). Considering about 400-or 500-fold higher concentration of nisin 1-28 was needed to get the same GFP intensity as induced by nisin, the removal of 6 C-terminal amino acid residues was found to reduce the inducing activity of nisin drastically. Therefore, nisin [29] [30] [31] [32] [33] [34] was subsequently studied for the induction of GFP expression. When 2 mg/ml of nisin [29] [30] [31] [32] [33] [34] was used, the expression of GFP could be detected with faint intensity (MI=7.7, Figure 3G ). The 6-residue peptide demonstrated inducing activity that was one-fifth to that of the 28-residue nisin when the concentration of the inducer reached 5 and 10 mg/ml ( Figure 3H and I compare to Figure 3E and F). Taken together, the inducing potency of NSR-degraded products, either nisin 1-28 or nisin [29] [30] [31] [32] [33] [34] , was greatly decreased compared to the native nisin.
Discussion
Nisin is one of the few commercially used bacteriocins in the food industry. It is widely used as a food preservative in a variety of food products, including dairy products, vegetables, and meat (Platteeuw et al. 1996) . It is considered to be a food-grade preservative and has long been used in the effective control of food spoilage caused by Gram-positive bacteria. The NICE system is based on the two-component regulatory system NisRK and has been widely used in protein expression in L. lactis (de Ruyter et al. 1996; Lubelski et al. 2008) . Studies have shown that the NICE system can be successfully transferred to other gram-positive bacteria such as Lactobacillus, Streptococcus, Enterococcus, and Bacillus (Delves- Broughton et al. 1996) . However, the growth of these bacteria could be inhibited by nisin addition, and thus influence the yield of products. Such problems can be rectified by increasing nisin tolerance, through inserting nisI (nisin immunity gene) to host strains (Takala and Saris 2002; Oddone et al. 2009 ).
The increase of nisin tolerance can also be achieved by expression of nisin resistance protein (NSR) in host strains. In addition, NSR has been used as a food-grade selection marker in L. lactis (Liu et al. 2005) . In this study, we cloned and expressed nsr and investigated the influence of NSR on the NICE system in L. lactis. Previous in vitro transcription-translation studies have shown that nsr generates 2 proteins, namely the full length 35-kDa protein and a truncated 28-kDa protein. It was hypothesized that these 2 proteins are involved in nisin resistance (Froseth and McKay 1991) . However, in our study, only the intact 35-kDa NSR was detected by western blotting (Figure 2A) . Therefore, the 28-kDa fragment produced in vitro is probably a nonspecific degraded product from the intact NSR.
With nsr as the unique selection marker, a foodgrade and nisin-inducible GFP expression plasmid was constructed and transformed into L. lactis NZ9000 -the strain with nisRK in its chromosome (Kuipers et al. 1998) . However, when compared with L. lactis NZ9000 transformed with the corresponding nisin-inducible expression plasmid with an erythromycin-resistance genotype, the inducing potency of nisin was significantly weakened in L. lactis NZ9000 with the food-grade plasmid (2 mg/ml for L. lactis NZ9000/pXB823 vs. 5 ng/ml for L. lactis NZ9000/pXB602). Thus, it was concluded that NSR expression was responsible for the reduced effectiveness of the NICE system.
In our previous studies, NSR was revealed as a tail-specific protease that displays proteolytic activity against nisin and reduces the antibacterial activity of nisin by 100-fold (Sun et al. 2009 ). The proteolytic activity of NSR against nisin could also be responsible for the adverse effect of NSR on the NICE system in lactococcal strains expressing NSR. Therefore, the inducing potency of the degraded nisin products (nisin 1-28 and nisin [29] [30] [31] [32] [33] [34] ) was further investigated by observing the induced GFP expression through fluorescence microscopy and FACScan analysis. The results showed that nisin 1-28 was ca. 500-fold less potent than native nisin in inducing GFP expression ( Figure 3A-F) . The 6-residue nisin [29] [30] [31] [32] [33] [34] still retained the inducing capacity, although it was about one-fifth to that of the 28-residue nisin 1-28 ( Figure 3D-I) . Therefore, in addition to its involvement in antibacterial activity of nisin (Sun et al. 2009 ), the C-terminal tail of nisin also plays an essential role in the inducing activity of nisin. However, further studies must be conducted to investigate the role of the tail region in the inducing activity, and to determine whether it is directly associated in the interaction between nisin and NisK.
